UV-sensitive syndrome (UV S S) is a genodermatosis characterized by cutaneous photosensitivity without skin carcinoma 1-4 . Despite mild clinical features, cells from individuals with UV S S, like Cockayne syndrome cells, are very UV sensitive and are deficient in transcription-coupled nucleotide-excision repair (TC-NER) 2,4,5 , which removes DNA damage in actively transcribed genes 6 . Three of the seven known UV S S cases carry mutations in the Cockayne syndrome genes ERCC8 or ERCC6 (also known as CSA and CSB, respectively) 7,8 . The remaining four individuals with UV S S , one of whom is described for the first time here, formed a separate UV S S-A complementation group 1,9,10 ; however, the responsible gene was unknown. Using exome sequencing 11 , we determine that mutations in the UVSSA gene (formerly known as KIAA1530) cause UV S S-A. The UVSSA protein interacts with TC-NER machinery and stabilizes the ERCC6 complex; it also facilitates ubiquitination of RNA polymerase IIo stalled at DNA damage sites. Our findings provide mechanistic insights into the processing of stalled RNA polymerase and explain the different clinical features across these TC-NER-deficient disorders.
analysis (HRMA) ( Supplementary Fig. 3a) ; the mutations encoding p.Ile31Phefs*9 and p.Cys32Arg were not detected. Haploinsufficiency for UVSSA was negligible, as the parents of Kps2 and Kps3 showed no symptoms 4 . In parallel with exome sequencing, we performed whole-genome SNP genotyping to identify runs of homozygosity (ROHs) shared among the affected individuals. We identified three overlapping ROHs (of >1 Mb) on autosomes, one of which encompassed the UVSSA locus (Fig. 1g, Supplementary Fig. 3b ,c and Figure 1 Identification of truncation mutations in the UVSSA gene in subjects with UV S S-A. (a) Schematic of the c.367A>T mutation causing the p.Lys123* premature stop codon identified in subject Kps3 with UV S S-A. Exome-sequencing data were aligned, and individual reads are shown as beige lines; the position of the A-to-T substitution is in red. (b) Capillary Sanger sequencing showed that subjects XP24KO and Kps3 with UV S S-A are homozygous for the c.367A>T SNV in UVSSA exon 3; the same mutation was also found in Kps2, the sibling of Kps3. The altered amino acid, Lys 123, is in red. (c) The c.87delG frameshift mutation and the p.Cys32Arg missense mutation were identified in subjects UV S S24TA and XP70TO with UV S S-A, respectively. Electropherograms of UVSSA exon 2 (uppercase) and intron 2 (lowercase) are shown. The deletion in the third position of the codon for Lys29 causes the p.Ile31Phefs*9 premature stop codon; the transition in the first position of the codon for Cys32 causes the p.Cys32Arg change (in red Fig. 3b for ROHs identified in the individual subjects and supplementary Fig. 3c for a magnified view of the overlapped region found in chromosome 4).
l e t t e r s npg l e t t e r s Supplementary Table 3a,b) . No chromosome copy-number variation was detected (Supplementary Fig. 3d ).
The findings strongly suggest that the mutations in UVSSA in the subjects with UV S S-A are causal for the disease; therefore, we next examined NER activities in the UV S S-A cells (Fig. 2) . Unscheduled DNA synthesis (UDS 13 ; defective in xeroderma pigmentosum) was nearly normal; however, RNA synthesis recovery (RRS 14 ; defective in UV S S and in Cockayne syndrome) was diminished in all cell lines with mutated UVSSA (Fig. 2a,b ; UDS and RRS were measured using a recently developed rapid, nonradioactive system 15, 16 ). Similarly, small interfering RNA (siRNA)-based depletion of UVSSA transcripts (Fig. 2c) caused a marked reduction in RRS ( Fig. 2d and Supplementary Fig. 4 ), whereas UDS was unaffected (Fig. 2e) . Ectopic expression of wild-type UVSSA cDNA in UV S S-A cells restored normal RRS ( Fig. 2f ; V5-tagged UVSSA immunofluorescent staining shown in Fig. 2g ), whereas it did not affect RRS in normal, CS-A or CS-B cells; neither ERCC8 and ERCC6 cDNA expression in UV S S-A cells restored RRS. We conclude that UVSSA is the causal gene for UV S S-A.
Mutations in the ERCC8 and ERCC6 genes underlie both Cockayne syndrome and UV S S 7, 8 . To evaluate whether UVSSA mutations may also result in Cockayne syndrome phenotypes, we sequenced the UVSSA gene in 61 individuals with Cockayne syndrome whose genetic cause had not yet been determined (Supplementary Table 4 ). We found no obvious mutations, except for four new heterozygous changes. These changes, as well as the SNPs that were also found in control individuals and in persons with UV S S-A, did not affect RRS activity (Supplementary Fig. 5 ). These data suggest that UVSSA function is distinct from that of genes involved in Cockayne syndrome (Supplementary Note).
Amino-acid sequences encoded by human UVSSA and its orthologs have no obvious similarity to other protein families. A domain of unknown function, DUF2043 (EMBL-EBI IPR018610) is located near the C terminus (Fig. 3a) . We performed three-dimensional structure prediction using the PHYRE web server 17 and identified a motif of 143-163 amino acids near the N terminus, which had substantial homology with the Vps-27, Hrs and STAM (VHS) domain 18 ( Fig. 3a and Supplementary Fig. 6a,b) . VHS domain proteins have recently been implicated in ubiquitin binding 19 . A crystallographic study determined that Trp26, located in the α2 helix of the VHS domain of STAM1, interfaces with Ile44 of ubiquitin 20 ( Supplementary  Fig. 6c ). Cys32 in UVSSA is located in the corresponding α2 helix (Supplementary Fig. 6b) , and the p.Cys32Arg mutation can be superimposed onto the structure of the STAM1-ubiquitin complex, indicating that the Arg32 residue in the mutant UVSSA protein is oriented in the same direction as Trp26 in STAM1 (Supplementary Fig. 6d ). These findings suggest that the p.Cys32Arg change in UVSSA that occurs in subject XP70TO may obstruct interactions between the VHS domain and ubiquitinated proteins.
To investigate the importance of the DUF2043 and VHS domains in TC-NER, we transduced UVSSA truncation mutants into UV S S-A cells and assayed complementation of the RRS defect (Fig. 3b) . None of the truncation mutants lacking either the VHS or DUF2043 domain was able to restore RRS activity in these cells (Fig. 3c, Supplementary Fig. 7a (note that mutants T1 and T3 were unstable) and Supplementary Fig. 7b) . npg l e t t e r s Next, we mutated residues conserved from Nematoda to humans ( Fig. 3d and Supplementary Fig. 8 ). We found that, out of 32 mutants, only 3 carrying amino-acid changes to the 5 conserved residues located in the VHS domain (p.Cys32Arg, p.Trp120Ala and p.[Arg157Glu; Lys158Glu; Arg159Glu]) failed to restore normal RRS ( Fig. 3e and  Supplementary Fig. 9 ). Although we could not determine the critical amino-acid residues responsible for DUF2043 function, overall these findings indicate that the ubiquitin-binding VHS domain and the DUF2043 domain of UVSSA are crucial for TC-NER activity.
We next examined the association of UVSSA with TC-NER factors by immunoprecipitation. UVSSA interacted with several subunits of the core general transcription factor IIH (TFIIH) subcomplex (ERCC3 (also called XPB or p89), ERCC2 (also called XPD) and GTF2H1 (also called p62)) and the cyclin-dependent kinase (CDK)-activating kinase (CAK) subcomplex (CDK7, CCNH (also called cyclin H) and MNAT1 (also called MAT1)), as well as with ERCC6 and the XPA-binding protein XAB2 (Fig. 3f) . No robust interaction was observed between UVSSA and ERCC5 (also known as XPG). Similar interactions were also observed after UV irradiation (Fig. 3g) . UVSSA is thus a new factor associated with the TC-NER complexes. The absence of ERCC5 protein in the TFIIH-UVSSA complex seems to conflict with a report showing that ERCC5 is important for stabilizing TFIIH 21 ; this discrepancy could partly be explained by the possibility that ERCC5 and UVSSA may share the same binding interface of TFIIH.
In non-irradiated cells, UVSSA binding capabilities were unaffected by mutations in the VHS domain (Fig. 3f, lane 6 , and Supplementary Fig. 10a, lane 6) . However, following UV irradiation, its interactions with some TFIIH subunits, namely GTF2H1 and ERCC3, and with ERCC6 were substantially weakened by amino-acid substitutions in the VHS domain (Fig. 3g, lane 6 , and Supplementary  Fig. 10b, lane 6) . These interactions were confirmed by reverse immunoprecipitation (Supplementary Fig. 10c ). These data indicate that UVSSA interacts transiently with the NER machinery, 
t y p e C 3 2 R C 3 2 R P e r c e n t in t e n s it y P e r c e n t in t e n s it y l e t t e r s and the VHS domain specifically supports direct contact with the TFIIH core complex and ERCC6 after UV irradiation. In TC-NER, stalled RNA polymerase II (RNA Pol II) first has to be displaced by backtracking or degradation to allow access of the NER machinery 6 . ERCC8 and ERCC6 complexes (also called CS protein complexes; defective in Cockayne syndrome) are essential to this process 22 . During this step of TC-NER, some of the elongating form of RNA Pol II (RNA Pol IIo), which is phosphorylated at Ser2 and Ser5 in the C-terminal domain (CTD), is ubiquitinated 23 , although the precise function of this ubiquitination is not known. We examined RNA Pol IIo modifications after UV irradiation in the presence of cycloheximide in normal, Cockayne syndrome and UV S S-A cells (Fig. 4a) . (TC-NER activity was unaffected by cycloheximide in the experimental conditions used (Supplementary Fig. 11)) . In normal cells (Fig. 4a, lanes 1-8) , a slow-migrating fraction of RNA Pol IIo was observed after UV irradiation, and this modified band (form 3) decreased in intensity over time. Form 3 was not detected in normal cells after induction of oxidative DNA damage by treatment with hydrogen peroxide (Supplementary Fig. 12) , suggesting that the modification is a UV damage-specific event. We confirmed that the RNA Pol IIo modification was ubiquitination as reported previously 23 (Fig. 4b) . In contrast, in the UV S S cells, the ubiquitinated band was barely detectable, but a fast-migrating form of RNA Pol IIo (form 1) was observed, and the normally migrating form 2 decreased in intensity over the 6-h period after irradiation (Fig. 4a, lanes 9-24) . In the CS2AW (CS-A) or CS10LO (CS-B) cells (Fig. 4a, lanes 25-32) , neither ubiquitination (see also ref. 23 ) nor form 1 was detected. Transduction of wild-type UVSSA cDNA into UV S S-A Kps3 cells restored the ubiquitination of RNA Pol IIo after UV irradiation (Fig. 4c, H5 in lanes  5-8) . UVSSA overexpression was also associated with a substantial reduction in the levels of form 1 after UV irradiation (Fig. 4c, During transcription, RNA Pol IIo is eventually dephosphorylated to RNA Pol IIa to recycle RNA Pol II for another round of transcription initiation. In TC-NER, displaced RNA Pol IIo is also dephosphorylated and recycled (Fig. 4c, N20 in lanes 9-12) . Dephosphorylation was substantially inhibited in UV S S-A cells 4-6 h after UV irradiation (Fig. 4c, N20 in lanes 1-4) , as previously reported for Cockayne syndrome cells 24 , and was restored following expression of UVSSA cDNA (Fig. 4c, N20 in lanes 5-8) . RNA Pol IIo ubiquitination was not restored in Kps3 cells by expression of mutants with amino-acid substitutions in the VHS domain (Fig. 4d, H5 in lanes 9-12, and  Supplementary Fig. 13, H5 in lanes 9-12) , indicating that the VHS domain is crucial for RNA Pol IIo processing.
We noticed that ERCC6 protein was degraded in UV S S-A cells after UV irradiation, indicating that UVSSA contributes to the stabilization npg l e t t e r s of the ERCC6 complex in TC-NER (Fig. 4d, ERCC6 in lanes 1-4) . The reduction of ERCC6 protein levels in Kps3 cells was restored following expression of either wild-type or VHS domain-mutated (p.Cys32Arg) UVSSA (Fig. 4d , ERCC6 in lanes 5-12, and Supplementary Fig. 14) . These data indicate that the absence of RNA Pol IIo ubiquitination in the UV S S-A cells is not a side effect of Cockayne syndrome protein depletion ( Fig. 2f ; ectopic expression of ERCC6 did not restore RRS in UV S S-A cells). We further showed that UVSSA specifically binds to RNA Pol IIo and ubiquitinated RNA Pol IIo but not to RNA Pol IIa and that ubiquitinated RNA Pol IIo is enriched in the UVSSA-binding fraction (Fig. 4e) . These findings suggest that UVSSA recruits an E3 ubiquitin ligase and facilitates ubiquitination of RNA Pol IIo. K48-linked polyubiquitination triggers 26S proteasomal degradation of the targeted protein, whereas monoubiquitination and K63-linked polyubiquitination contribute to functional modifications of various DNA repair factors. The BRCA1-BARD1 complex and the NEDD4 E3 ubiquitin ligase, as well as the ERCC8 complex, have been reported to be involved in damage-dependent polyubiquitination and degradation of RNA Pol IIo [25] [26] [27] . To determine whether RNA Pol IIo is degraded as a consequence of UVSSA-mediated ubiquitination, we analyzed RNA Pol IIo modifications after UV irradiation and subsequent treatment with the 26S proteasome inhibitor MG132 in normal and UV S S-A cells (Fig. 4f) . The band corresponding to ubiquitinated form 3 of RNA Pol IIo did not increase substantially in intensity in normal cells treated with MG132 (Fig. 4f, compare H5 in lanes 1-4 and 5-8) ; conversely, increases in intensity for bands corresponding to the normal form 2 of RNA Pol IIo as well as to RNA Pol IIa were observed, both in normal and UV S S-A cells, in the presence of inhibitor (Fig. 4f, lanes 5-8 and  13-16 ). Taken together, these data indicate that UVSSA-dependent RNA Pol IIo ubiquitination is not subject to 26S proteasomal degradation and may therefore be K63 linked, although a substantial amount of stalled RNA Pol IIo is degraded by UVSSA-independent ubiquitination pathways. We speculate that the TFIIH core factor GTF2H2 (p44) is a candidate for an alternative E3 ubiquitin ligase 28 , which may form stable K63-linked polyubiquitin chains on stalled RNA Pol IIo during TC-NER. Further studies will address this hypothesis. We conclude that UVSSA has an important role in the processing of RNA Pol II molecules stalled at sites of UV damage.
In conclusion, we have newly identified UVSSA as the gene causing UV-sensitive syndrome, and the UVSSA protein is involved in TC-NER of UV damage. UVSSA interacts with TFIIH, ERCC6 and RNA Pol IIo, and the VHS domain is indispensable for TC-NER activity and for ubiquitination and dephosphorylation in the processing of stalled RNA Pol IIo. We hypothesize that UVSSA directly recruits TFIIH at sites where RNA Pol IIo is stalled at UV damage (but not at oxidative damage sites; Supplementary Fig. 12 ) 5, 7, 29 and facilitates RNA Pol IIo ubiquitination and promotes its backtracking to allow access to the NER machinery. We also found that UVSSA contributes to stabilization of the ERCC6 complex; in accompanying reports by Zhang et al. 30 and Schwertman et al. 31 , the UVSSA-USP7 complex is shown to be involved in the regulation of ERCC6 ubiquitination. These various UVSSA functions coordinate the removal of stalled RNA Pol IIo and formation of the TC-NER pre-incision complex to promote the subsequent steps of NER and transcription resumption at UV-damaged sites.
Cockayne syndrome but not UV S S cells are sensitive to oxidative DNA damage 5, 7, 29, 32 ; this differential sensitivity could explain the difference between symptoms in the two syndromes. Our findings, however, suggest that aberrant RNA Pol IIo processing may also contribute to clinical outcome (Supplementary Fig. 15 ). RNA Pol IIo stalled at DNA damage is normally stably ubiquitinated and backtracked in a process dependent on ERCC8 and ERCC6 complexes and UVSSA, facilitating removal of DNA damage and prompt transcription resumption (Supplementary Fig. 15a-d) . In UV S S-A cells, stalled RNA Pol IIo can still be ubiquitinated in an alternative pathway that is dependent on ERCC8 and ERCC6 complexes and independent of UVSSA that leads to 26S proteasomal degradation of RNA Pol IIo, so that transcription resumption does not occur ( Supplementary  Fig. 15e,f) . In individuals with Cockayne syndrome, neither of these pathways is operative (Supplementary Fig. 15h) , suggesting that prolonged arrest of RNA Pol IIo at DNA lesions (leading to a signal for apoptosis) 6 , as in Cockayne syndrome cells, is more deleterious than degradation that occurs in UV S S-A cells, and this might contribute to the more severe clinical features in Cockayne syndrome relative to those in UV S S. UVSSA is thus a key factor that controls the fate of RNA Pol IIo stalled at DNA damage. 
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Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/.
